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SUMMARY 

Intercalation and delntercalatlon of Union Carbide P-100 graphite fibers 
with liquid and vaporous bromine was studied gravimetrical ly and microscop- 
ically. The mass of the bromine Intercalated fibers was found to be 17 to 
20 percent greater than their pristine counterpart. This variation decreased 
to 17 to 18 percent after heating In air for 3 days at 200 °C and 14.5 to 
18 percent after 6 days of 260 °C heating. The fiber length did not change 
throughout the experiment. The fiber diameter Increased during Intercalation 
and decreased slightly upon delntercalatlon but was not affected by heating to 
260 C C for 3 days In air. Comparing the mass and volume data to those with 
H0PG or natural single crystal graphite suggested the possibility that the 
Intercalated F-100 fibers could be mostly stage 4. 


INTRODUCTION 

Graphite fibers are currently of Interest for aerospace applications 
requiring light-weight, high-strength materials. With Intercalation, where 
guest materials are Introduced Into graphite to form ordered layered structures 
In between graphite planes, certain physical properties critical for some 
applications can be Improved. For example, after Intercalation In bromine 
atmosphere and then delntercalatlon In air, the conductivity of Union Carbide 
P-100 graphite fibers Is 5 times Its unintercalated value (ref. 1). Thus, 
bromine Intercalated P-100 graphite fiber-epoxy composites could be a strong, 
light-weight material for spacecraft electronic boxes which must also provide 
electromagnetic Interference shielding or as a material for aircraft surface 
which require lightening strike survivability. 

The objectives of the research reported In this paper was to determine 
whether graphite fibers can be uniformly Intercalated at macroscopic and 
microscopic levels, to determine the composition of the Intercalated fibers 
and, from the mass and volume data to find the relationship between Interca- 
lated P-100 graphite fibers and Intercalated natural crystals or Intercalated 
HOPG (highly oriented pyrolltlc graphite) whose properties have been widely 
studied. 

The macroscopic uniformity of Intercalation was evaluated by determining 
the bromine content of fiber sections cut out from different locations of 11 m 
Intercalated fiber strands wrapped In multiple layers on a spool. The bromine 
content was calculated by measuring the mass Increases of these fiber sections 
during Intercalation. The calculated values were then used to determine If 
brnMlne could penetrate Into the fiber spool completely and uniformly. Bromine 


contents of fibers strand of different lengths and quantities were also deter- 
mined by weighing before and after intercalation, delntercalatlon and subse- 
quent heating. The data thus obtained could reveal If all fibers were Inter- 
calated to the same degree regardless of fiber length and quantity. Diameter 
and lengths of Individual fibers were measured during Intercalation, delnter- 
calatlon and subsequent heating to determine the volume change during Inter- 
calation and the microscopic uniformity of Individual Intercalated fibers. 
Results of this report may be of assistance In determining an Industrial proc- 
edure to manufacture high quality bromine Intercalated P-100 graphite fibers 
suitable for Intercalated graphite-epoxy composites whose physical properties 
havs to be uniform and well characterized. 


EXPERIMENTAL PROCEDURE 

Bromine Consumption of a Strand of Fibers during 
Vaporous Bromine Intercalation 

A preweighed strand of P-100 fibers (2000 fibers per strand), about 11 m 
long, was wound on a glass mandrel (dlam 5.5 cm) such that the fiber layer 
wrapping the spool was 1 mm thick and less than 0.75 cm wide. It was placed 
In saturated bromine vapor for 2 days at room temperature and then taken out 
of the bromine environment. The glass chamber containing the saturated bromine 
vapor was pre-evacuat* d by a vacuum pump to about 1 mm Hg pressure. The mass 
of the fibers was measured before bromlnatlon. It was measured again after 
both 1 and 14 days of air exposure. Five 30 cm long sections were cut out of 
the strand of fibers Including both ends and three middle sections at 2.74, 

5.49 and 8.23 m from the outside end of the spool. Knowing that a strand of 
pristine P-100 graphite fibers has a mass of 0.0030 g/cm of fiber strand, the 
mass Increase of these five sections was calculated based on the measured mass/ 
length Increase. 


Bromine Consumption of Long, Short, and Ground Fibers During 
Vaporous Bromine Intercalation 

Seven samples of different fiber length were Intercalated for 60 hr In 
bromine vapor. These samples were: a strand of fibers 168 m long wound on a 
10 cm diameter spool such that the fibers made a layer less than 1 mm thick 
and 10 cm wide, two strands cut Into 7.6 cm long segments (both In test tubes), 
two strands cut Into 0.36 cm long segments (In either a beaker or a test tube) 
and two ground samples (In either a flask or a test tube). The ground fibers 
were obtained by grinding a strand of fibers In a test tube with a glass rod 
for 15 min. Microscopic Inspection of the ground fibers showed that 75 percent 
were less than 90 ym In length. All samples were Intercalated In room air 
saturated with bromine vapor except for the 168 m strand, which absorbed all 
available bromine In the chamber. The mass of all samples was measured several 
times during the 10 days after the Intercalation period. After 3 months of 
air exposure, the samples were heated to 200 °C for 3 days and 260 °C for 
6 days. The mass of all samples was measured again before and after the 
heatings . 
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Bromine Consumption of a Strand of Fibers During Liquid 
Bromine Intercalation 

Intercalation and delntercalatlon of P-100 graphite fibers with liquid 
bromine were also studied to estimate the changes 1r graphite fibers under 
extreme conditions. 

An 11 m long fiber strand was weighed and wouno on a 5.5 cm diameter 
mandrel. The fiber layer on the spool was 2 cm wide and less than 1 mm thick. 
It was Immersed In liquid bromine for 24 hr at room temperature and then taken 
out of the bromine environment. The mass of the fibers was measured before 
bromlnatlon. It was measured again after 1 day of air exposure. Four 30 cm 
long segments were then cut out of the strand of fibers Including both ends 
and two middle segments at 3.66 and 7.32 m from outside end of the spool. 
Again, knowing the pristine mass to length ratio, the mass Increases of these 
four sections was calculated. These four sections were then stored In room 
air for 6 months and then heated In air at 260 °C for 3 days. The mass of 
these four sections was measured again before and after heating. 


Diameter and Length Measurement During Liquid Bromine 
Intercalation and Delntercalatlon 

One section of a single P-100 fiber was placed In a glass tube. The tube 
was 3 mm Inside diameter, 5 mm outside diameter, 18 cm long and had one open 
end. Using an optical microscope, the diameter and length of this chopped 
fiber (In the glass tube) were measured. The microscope was a Bausch and Lomb 
MlcroZoom microscope. A Polaroid camera was set such that the magnification 
could range from 18 to 390. 

After Introducing liquid bromine Into the glass tube, It was Immediately 
sealed by a rubber stopper and placed under the microscope for In situ obser- 
vation. Direct contact between the chopped fiber and liquid bromine was 
observed, shown In figure 1. Microscopic pictures were taken after a few min- 
utes to record the diameter and length changes. The experiment was conducted 
twice. Intercalation times were 50 and 140 min for the two experiments. 

After Intercalation was considered complete, the liquid bromine was 
removed from each tube. The fiber diameters and lengths after 30 hr of 
delntercalatlon were measured again. The fibers were then heated to 260 °C 
for 60 hr. Final fiber diameter and length measurements were then obtained. 


Diameter and Lengtn Measurement During Vaporous 
Bromine Intercalation 

A small amount of liquid bromine was Introduced Into a glass tube similar 
to that described In the above experiment. Several chopped fibers were then 
placed near the open end of the tube. After sealing the open end of the tube 
with a rubber stopper, the tube was Immediately placed under the microscope 
for single fiber diameter and length measurement. One chopped fiber In the 
tube was selected for this purpose. After 23 hr of Intercalation, the 
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microscope stage position was changed and diameters of seven other fibers were 
measured. 


RESULTS AND DISCUSSION 

The mass of the 11 m long fibers Intercalated with vaporous bromine was 
19.3 percent heavier than Its pristine value after 1 day of room temperature 
air exposure. The same mass was observed after 14 days of air exposure. The 
mass Increases of the five sections cut out from this fiber strand were (from 
outside end to Inside end of the spool): 18.3, 18.9, 20.8, 17.8 and 

20.8 percent. 

The mass of the 11 m long fibers Intercalated with liquid bromine was 

20.2 percent heavier tnan Its pristine value after 1 day of room temperature 

air exposure. The mass Increases of the four sections cut out from this fiber 
strand were (from outside end to Inside end of the spool): 17.8, 19.0, 22.1 

and 19.2 percent. After 6 months of air exposure, these values decreased to 
17.6, 18.5, 19.8 and 18.8 percent, respectively. After 260 °C heating In 

air for 3 days, these values further decreased to 15.3, 16.3, 17.6 and 

16.2 percent, respectively. 

The Increases In mass measured at different locations along the 11 m long 
fibers ranged from 17.8 to 20.8 percent for fibers Intercalated by vaporous 
bromine and allowed to delntercalate for 2 weeks In air, and 17.8 to 
22.1 percent for fibers Intercalated by liquid bromine and allowed to delnter- 
calated for 1 day In air. This suggested that bromine penetrated through and 
reacted with the whole spool of fibers, but the distribution of bromine was 
not uniform. These results are significant because they show that large 
quantities of bromine Intercalated P-100 fibers can be produced In spool form 
If Its thickness was about 1 mm or less. However, further work Is needed to 
Improve the uniformity of bromine content, although It was observed that pro- 
longing delntercalatlon time or 200 °C heating could do this to some decree. 

The results show that both vaporous and liquid bromine Intercalate to the same 
degree In P-100 fibers If the Intercalation reaction Is allowed to proceed to 
completion . 

Figure 2 shows the mass of the 168 m fiber sample and a ground fiber 
sample for the first 105 min of bromine desorption. Table I summarizes the 
mass values of all seven samples over a 3 month of bromine desorption period 
and before and after heatings. 

For liquid bromine Intercalation, the fiber length was found to remain 
unchanged within 0.5 percent throughout the experiments. The diameter 
Increased to a plateau within 10 min after the start of the Intercalation, 
decreased during delntercalatlon In air at room temperature, and. In most 
cases, remained unchanged within 2 percent when heated to 260 °C for 2.5 to 
3 days. For vaporous bromine Intercalation, no fiber length change could be 
observed during Intercalation. The fiber diameter a so remained unchanged for 
the first several hours, but was found to be 8.8 percent larger than Its parent 
pristine fiber after 23 hr of Intercalation. Table II summarizes the diameters 
of Intercalated and room-temperature delntercalated single fibers. It was 
noted that a small portion of the delntercalated fibers showed some 
1 rregularl ties . 
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The above results were examined as follows: 


1. By examining the mass data for liquid bromine Intercalated fiber strand 
and mass data presented In figure 2 and table I, It can be observed that the 
mass of bromine remaining In these strands of fibers asymptotically approached 
a value within or slightly below the range of 16.9 to 19.4 percent except for 
the sample of 0.36 cm fibers In a beaker. This exception may be due to loss 

of small fibers from the open beaker during 3 months of storage. This range 
of values compares favorably with the range of values reported from the analy- 
sis of the 11 m strands. The average value of 18.6 percent corresponds to an 
atomic ratio of C 7 -j ^Br?. 

It Is known that the greater the amount of bromine Intercalated, the 
higher the bromine content In the residue compound (ref. 2). Since the mass 
of bromine remaining In the liquid bromine Intercalated 11 m fiber strand and 
the seven samples described In table I all asymptotically approached to a value 
In a small range, It was concluded that they Intercalated to the same compound 
before delntercalatlon process started. 

2. The Increase In mas c uue to bromine Intercalation plus bromine conden- 
sation on the fiber surface at the end of the Intercalation period was 

50 percent for long fibers (168 m) and more than 61 percent for ground 
fibers. The Increase In mass due to Intercalation alone was believed to be 
the same for both sample, as explained In the last paragraph. Thus the 
difference In mass Increase observed Initially between these two samples Is 
believed to be due to different degrees of bromine condensation on fiber 
surface. Bromine condensation was considered obvious because of the strong 
affinity between P-100 fibers and bromine, as shown In figure 1. The amount 
of mass Increase due to Intercalation alone was not known. However, It was 
believed to be equal or higher than the highest bromine content for fibers 
described In the last paragraph and exposed In air for at least 1 day. That 
was 22.1 percent from a middle section of the liquid bromine Intercalated 11 m 
fiber strand. 

3. After heating the vaporous bromine Intercalated long, short, and ground 
fibers at 200 °C for 3 days, the mass of all samples approached a narrow range 
(17.0 to 18.1 percent heavier than the pristine values, or 074 . 788 ^) except, 
as described earlier In this report, the sample of 0.36 cm fibers In a beaker 
(14.2 percent). Subsequent heating at 260 °C for 6 days enlarged the bromine 
content range again, as shown In table I. This probably Indicated that a new 
delntercalatlon mechanism functioning at this temperature, and that more than 

6 days at 260 °C were needed to complete delntercalatlon via this mechanism. 

Because the electric conductivity of vaporous bromine Intercalated P-100 
fibers Is not affected by heating to 200 °C (ref. 3), the mass decreases during 
the heating to 200 °C must be due mostly to reasons other than bromine loss. 

In fact, after the completion of heating of the 49.5 gm fiber sample, some 
moisture was found condensed on the reactor. Thus water evaporation when 
heating to 200 °C Is considered the major reason for mass decreases. It was 
also reported (ref. 3) that bromine Intercalated P-100 fibers gradually lose 
electrical conductivity at 250 °C (ref. 3). This agrees with the results 
described In the previous paragraph. 
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4. In table II there are two data points that show extraordinary large 
diameters. One Is for a vaporous bromine Intercalated fiber, 15.1 ym diameter. 
The other Is one end of a liquid Intercalated fiber, 14.9 ym. This may be due 
to formation of lower stage structure or large spaces between crystallites In 
the graphite fibers being occupied by bromine. Exfoliation was considered 
unlikely since upon heating, the 14.9 ym diameter fiber section was reduced to 

12.8 ym . 


It was noted that the 14.9 ym diameter bromine rich fiber section could 
exist after 1 day of air exposure. However, It was sensitive to 260 °C heat. 

5. Bardhan et al. (ref. 4) reported that the bromine content In H0P6 
residue compound could siay at 43.3 percent at room temperature for some time 
but dropped to 19 percent at 50 to 90 °C and went below 18 percent at 110 to 
140 °C . In the present report, debromlnatlon of P-100 at room temperature 
reached completion at about 18.6 percent. It seemed tnat the bromine Inter- 
calated P-100 was to some degree similar to the Intercalated H0PG, but has a 
much more active desorption area. Therefore high temperature was needed to 
drive out bromine trapped In the H0PG used by Bardhan et al. (4.5 to 8 mm 
dlam, 0.1 to 0.4 mm thick disk). 

6. Eeles and Turnbul 1 (ref. 5) used several natural graphite crystal 
disks, 1.0 mm In diameter and 0.1 mm thick, to measure the graphite weight 
changes during bromine Intercalation and desorption. They reported that gra- 
phite fully saturated with bromine desorbed and resulted In a quasi-stable 
stage 4 Intercalated compound which was 24 percent heavier than the Initial 
unbromlnated graphite crystals. From their x-ray data, the volume of this 
compound was calculated and It was found to be 26.9 percent larger than the 
Initial unbromlnated crystal. It was also noted that for stage 2 bromlnated 
graphite, the volume was 55 percent larger than the pristine crystals. For 
P-100 fibers, knowing that there were void spaces between the crystallites In 
the fibers to accommodate the crystalline volume Increase, and knowing that 
densities for P-100 and graphite single crystals were 1.99 (ref. 1) and 2.24, 
respectively, the minimum volume of homogeneous stage 2 and stage 4 bromlnated 
fibers can be calculated. They were 37.7 and 12.7 percent larger than their 
pristine values, respectively. 

As suggested earlier In this report, the bromine content of the Inter- 
calated P-100 fibers was equal or greater than 22.1 percent of pristine weight 
before delntercalatlon started. Also, the diameters of three fibers (two 
Intercalated with liquid bromine and one with vaporous bromine) before and 
after Intercalation were used to calculate their volume Increase. The calcu- 
lated values were 23.9, 26.3 and 18.5 percent, respectively. Thus according 
to mass and diameter data alone, the bromlnated P-100 fibers could not possibly 
be a homogeneous stage 2, but could be a stage 4 compound. The possibility of 
having a stage 3 compound was not known. 

Finally, the quasi-air stable 14.9 ym diameter small section described 
earlier In this report had a volume Increase of 67.9 percent If Its pristine 
diameter was 11.5 ym, the same as the majority part of the fiber. If diameter 
Increases are an Indicator, then this small section was possibly a stage 2 
compound . 
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CONCLUSIONS 


Intercalation and delntercalatlon of Union Carbide P-100 fibers with 
liquid and vaporous bromine was studied gravimetrical ly and microscopically. 
Bromine contents of fiber strands of different quantities were determined by 
weighing before and after Intercalation, delntercalatlon and subsequent heat- 
ing. Diameters and lengths of single fibers were measured during Intercala- 
tion, delntercalatlon and subsequent heating. From the results the following 
conclusions can be reached: 

1. Both liquid and vaporous bromine can penetrate and react with whole 
spools of fibers If the thickness of the fibers wrap on the spool Is 1 mm or 
less . 


2. By supplying excessive amount of liquid or vaporous bromine and letting 
the Intercalation reaction reach completion, bromine could react with various 
quantities of P-100 fibers to form the same compound. 

3. Compared to Intercalation of P-100 graphite fibers by liquid bromine, 
vaporous Intercalation required less delntercalatlon time, generated less 
bromine waste and therefore was considered a more attractive Intercalation 
technique for Industrial application. 

4. The weight of fibers delntercalated at room temperature was 17 to 
20 percent heavier than their pristine values. 

5. Heating room temperature-delntercalated fibers to 200 °C for 3 days In 
air resulted In fibers 17 to 18 percent heavier than Its pristine values. 

This small variation In percent weight gain Implies that 200 °C could be an 
Ideal posttreatment temperature If bromine content uniformity Is Important. 

The bromine content of these rather uniform P-100 fibers Indicates a graphite 
Intercalation compound of C 74 _ 7 gBr 2 . The variation In percent weight gain 
was enlarged If the fibers were further heated at 260 °C In air for 6 days. 

6. The P-100 fiber diameter Increased by 8 to 12 percent during Interca- 
lation, lost some of this Increase during delntercalatlon In air at room temp- 
erature and was not affected by subsequent 260 °C heating In air. The observed 
fibers were mostly uniform in diameter except some Irregular points which had 
more expansion during Intercalation which was lost during 260 °C heating. 

7. There were no fiber length changes upon Intercalation of the fibers. 

8. Bromlnated P-100 fibers and bromlnated H0P6 behaved similarly, except 
that the temperature needed to drive out bromine trapped In H0PC was higher 
than that needed for P-100 fibers. 

9. Mass and diameter data suggest that Intercalated P-100 fibers could be 
a homogeneous stage 4 compound but could not be a homogeneous stage 2 compound. 
However, the small fiber sections with extraordinarily large diameter were 
possibly a stage 2 compound. 
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TABLE I. - WEIGHT OF INTERCALATED FIBERS IN PERCENT OVER THE PARENT 
PRISTINE FIBERS DURING DESORPTION 

[M = Mandrel; T = Test tube; B = Beaker; F = Flask.] 


Time 


Approximate length of 

fiber samples 



168 m 

7.6 

cm 

0.36 cm 

Ground 


Approximate weight of fiber samples, gm 


49.5 

0.28 

0.28 

0.23 

0.16 

0.61 

0.61 


Mass 

Increase (percent) over 

the pristine values 


M 

T 

T 

B 

T 

F 

T 

1 

1.66 hr 

20 





.... 

36.3 


4.25 

5.26 

20 

— 

— 

18.5 

27.4 


— 

8 

20 

— 

19.4 

19.7 

— 

— 

22.4 

19.7 

19.9 

23 

— 

— 


18.3 

16.7 


— 

48 

— 

19.5 

19.7 

— 

— 

19.4 

19.0 

168 

18.3 

-- 

-- 

17.1 

16.7 

— 

— 

240 

18.2 

19.1 

19.5 

— 

— 

18.8 

18.7 

3 months 

18.3 

19.2 

19.4 

a 1 3 . 8 

16.9 

19.0 

18.7 

200 °C/3 days 

17.0 

17.9 

19.1 

a l 4 . 2 

17.1 

17.8 

17.7 

260 °C/6 days 


17.6 

17.8 

a U .5 

14.5 

17.0 

16.9 


a These low values were probably due to some fiber loss during the 
3 month storage time. 



TABLE II. - EFFECTS OF INTERCALATION, DEINTERCALATION AND SUBSEQUENT HEAHNG ON 

P-100 FIBER DIAMETER 


Bromine I Number of Sections of 


state Individual 
fibers 


Individual 

fibers 


Fiber diameter (ym) 


Pristine After After 

Intercalation delntercalatlon 
In bromine at room 

environment temperature in 
air for 30 hr 


Liquid 


Liquid 


Majorl ty 
One end 
Other end 

(a) 

Majority 
One end 
Other end 


Vapor 

Vapor 


b 10. 1-15.1 


a An Irregular point at tne central portion of the fiber. 

^Diameters of these seven fibers were: 10.1, 10.7, 11.0, 11.2, 12.0, 12.5, and 

15.1 ym . 
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